Objectives: Selecting suitable illumination is an integral part of increasing productivity in the office or factory, because poor lighting conditions may often cause decreased work efficiency. Light emitting diode (LED) light is becoming recognized as one of the most promising general sources of illumination. We conducted spectral power analysis of electroencephalograms (EEGs) obtained during resting and cognitive task activities to identify the effects on human arousal and cognitive performance under LED light compared with conventional fluorescent light. Methods: Thirteen healthy, right-handed students participated in the present study. Each subject took part in two experimental sessions, one under fluorescent and one under LED lighting conditions. The experimental measurements consisted of a resting state EEG, an event-related potential (ERP) during a visual working memory (VWM) task, and a questionnaire about subjective feelings regarding the lighting conditions. The EEG power spectra, the amplitude and latency of the P300 ERP component, the behavioral responses for the VWM task, and the questionnaire data were compared for the two lighting conditions. Results: The EEG spectral power showed no difference between the LED and fluorescent lighting conditions. The amplitude of the P300 component decreased significantly with increasing numbers of items, while there were no differences between the two lighting conditions. Additionally, behavioral responses and subjective feelings were the same under the two lighting conditions. Conclusions: Our study suggests that there are no significant differences between LED light and fluorescent light on the human arousal state and VWM.
Introduction
We cannot imagine any working environment without illumination in modern society, because humans greatly rely on optical information for their productivity. Workplaces with poor lighting conditions often cause laborers to be stressed or even to have serious work accidents. This occurs because light exerts not only visual effects but also nonvisual effects on numerous physiological variables, such as the human sleep-wake cycle and cognitive performance, primarily through properties such as dose, duration, timing, and wavelength. 1 Thus, selecting suitable illumination is an integral part of increasing productivity in the office or factory.
Although fluorescent lamps are still the dominant source of artificial illumination in modern living environments, light emitting diodes (LEDs) have begun to attract interest as one of the most promising candidates for sources of general illumination in the near future. In fact, according to a market research report from BCC Research, the global market for LED lights noticeably increased by more than 85% during the period [2005] [2006] [2007] [2008] [2009] . 2 LEDs provide technical advantages over fluorescent lamps, such as lower power consumption, longer lifetime, greater eco-friendliness due to not using mercury, and easier processing due to their small size and adaptable shape. 3 It is well known that lighting can cause acute emotional, behavioral, and cognitive changes. [4] [5] [6] Additionally, a large body of research shows the chronic effects of lighting on sleep and neurocognitive function. 1, 7, 8 These effects of light may depend on parameters such as intensity, wavelength, and source of light. Thus, prior to a shift to new a lighting source (i.e., LED light) in artificial luminous environments, issues of whether it might affect human physiology or cognition should be considered to ensure that workplace efficiency are maintained. To our knowledge, only one study has reported on this issue, finding that online © ML Comm LED light had positive effects on worker behavioral performance during several cognitive tasks, compared with traditional fluorescent lamps. 9 However, since the study did not evaluate the concurrent electrophysiological responses of brain activity, information processing at a cortical level was not demonstrated.
Electroencephalography (EEG) provide a sensitive means of measuring psychological as well as physiological human states. The resting state EEG reflects a particularly important state of arousal, which can be characterized using frequency analysis. In addition, event-related potentials (ERPs) provide a neurophysiological index of a subject's cognitive functioning. Because the lighting condition exerts a direct influence on visual function, the ERP paradigm using visual stimuli is used to investigate the lights' effects. Specifically, ERP measurements, such as examining the P300 and behavioral responses during the visual working memory (VWM) task, allow objective assessments of cognition and behavior through visual functioning. Thus, the study of EEGs and ERPs in combination appears to be useful for exploring human neurophysiology reflecting arousal states, cognitions, and task performance. Nevertheless, no study has yet addressed the electrophysiological differences between LED and fluorescent light.
In the present study, to identify the effects of LED light on EEGs during rest and during performance of a cognitive task, compared with conventional fluorescent light, we analyzed the spectral power of EEGs obtained during resting states and ERP during VWM tasks.
Methods

Setting
The experiments took place in a laboratory with the window completely covered with black curtains to prevent outside light from entering the room. Four tube-straight threeband fluorescent lamps (FLU) and four similarly shaped binary-complementary white LED lamps were alternately placed two meters above the floor. The spectra irradiance of each light is shown in Fig. 1 . Each subject underwent the experimental procedures while sitting in a comfortable chair about one meter from the installed lighting.
Experimental procedure
Thirteen healthy, right-handed university students (six males, 7 females; aged 23.3±1.6 years) participated in this study. Each subject gave written informed consent to participate. The experimental protocol was approved by the Institutional Review Board of Korea University Medical Center. Participants visited our laboratory at 19:00. Each subject performed two experimental sessions, one under each lighting condition: fluorescent and LED. One session consisted of spontaneous EEG for 10 minutes, ERP during a VWM task for 15 minutes, and a questionnaire to obtain the visual analogue score (VAS). A rest time of 5 minutes was given between the two sessions. At the beginning of each session, the illuminance was adjusted so that the two lighting conditions were matched, and then color temperature was measured. The order of fluorescent and LED sessions was counterbalanced among the participants to control the order effect.
The resting state EEG
The EEGs were recorded using a 64-channel digital EEG machine (Grass Neurodata Acquisition System, Grass Technologies, Quincy, MA, USA) with a cap electrode (Quick-Cap, Compumedics Neuroscan, Charlotte, NC, USA). The reference electrode was set to linked earlobes, impedance was kept below 10 kΩ, and the band-pass filter setting was 0.3-70 Hz with a sampling rate of 1600 Hz. Two electrooculography channels (placed on the left and right outer canthi) were added to confirm eyeball movements.
The resting state EEG of each subject was reviewed for offline analysis, and 10 artifact-free 2-s epochs in the eye-open state were selected per subject. Each epoch was transformed into the frequency domain using Fast Fourier Transforms, and then the power spectral density function for each subject was evaluated. Absolute power for the five frequency bands (delta: 1-3 Hz, theta: 4-7 Hz, alpha: 8-12 Hz, beta: 13-30 Hz, and gamma: 30-45 Hz) was determined at Fz, Cz, and Pz electrodes.
Visual working memory task
A VWM task was used to estimate participants' behavioral and cognitive responses under each lighting condition. All stimuli were presented on a 17-inch LCD monitor with a grey background using commercial software (PRESENTATION; Neurobehavioral systems, Berkeley, CA, USA). Each partici- LED FLU pant underwent 300 trials in each condition. The test array was shown for 2 s, at 1 s after the memory array onset in each trial. Participants were instructed to indicate whether or not two arrays were identical by pushing one of two buttons as quickly as possible after they were presented with the test array. A stimulus array consisted of 1, 2, 3, 4, 8 or 12 items that were colored squares. The color of each item was randomly selected from red, blue, violet, green, yellow, black, or white. Item positions were also randomized in each trial. The color of only one item in the test array was different from the corresponding item in the memory array in 50% of the trials. They were identical in the remaining trials. Event-related potential epochs were extracted at between -200 and +1200 ms after the memory array onset and saved for later off-line analysis. Baselines were corrected by subtracting the root mean square of the pre-stimulus interval from the whole epoch lengths. Only those trials with correct responses were included in the ERP analysis. Independent component analysis was applied to correct stereotyped ocular and muscular artifacts (Jung et al. 2000) . ERP epochs were averaged for different numbers of items in the memory array separately. ERP latencies and amplitudes were measured relative to their pre-stimulus baseline. The P300 component was defined as points with positive peak amplitudes between 300 and 500 ms at the Pz recording site. The amplitudes of the P300 components were averaged over the ±25 ms time window relative to the latency of each peak.
Questionnaire
Subjective brightness, visual fatigue, and satisfaction (from 0 to 10 points) was checked as visual analogue scale (VAS) in the questionnaire for subjects to assess each lighting condition immediately after the ERP tasks.
Statistical analysis
Electroencephalograms, ERP, and behavioral responses were analyzed by repeated measures analysis of variance (AN-OVA). The within-subject variables of the spectral power for each frequency band (delta, theta, alpha, beta, and gamma) of the resting state EEG were channel (three levels: Fz, Cz, and Pz) and light (two levels: fluorescent and LED). The amplitude and latency of the P300 component during VWM tasking were each analyzed at the Pz recording site; the within-subject variables were number of items (six levels: 1, 2, 3, 4, 8, and 12) and light (two levels: fluorescent and LED). For the hit rate and the reaction time of behavioral responses, the withinsubject variables were identical to those for the P300 analysis. The Greenhouse-Geisser correction was used to evaluate F ratios in order to control for Type 1 error in the repeated measures design. Bonferroni post hoc tests were used to identify the sources of significant variance. The questionnaire results were analyzed using paired t-tests for comparisons with unequal variance for the fluorescent and LED lights. The dependent variables were the VAS scores of brightness, visual fatigue, and satisfaction based on the questionnaires. Statistical significance was defined as p values of <0.05.
Results
The fluorescent and LED lighting had color temperatures of 8690 and 6660 K, respectively. Light intensities were matched, with 340 lux in both conditions.
EEG power spectra
Electroencephalograms spectral powers for each frequency band at the three midline electrodes are shown in Fig. 2 . For each frequency band, ANOVA revealed that light showed no significant main effect, although significant main effect was observed with channel. The interaction between channel and light was not significant (Table 1) .
ERP analysis
Event-related potential waveforms at the Pz electrode site are shown in Fig. 3 . The P300 components were identified approximately 350 ms after the memory array onset. The number of items showed a significant main effect on the P300 amplitudes (F2.11, 23 
Behavioral responses
Questionnaire
The results of the subjective assessment of lighting conditions are shown in Table 2 . Pairwise comparisons of the VAS scores for brightness, visual fatigue, and satisfaction showed no significant differences between LED and fluorescent light- ing conditions.
Discussion
In this study, we analyzed the EEG spectral power measured during a resting state, ERP components elicited by a VWM task, and subjective data obtained with a questionnaire in order to compare the effects of LED and fluorescent light on human cognitions, behaviors, and subjective feelings. In our study, the intensity of light was matched between two lighting conditions. Although the color temperature could not be matched perfectly due to original differences in the spectral irradiance of the two light sources, this is unlikely to affect the results because the spectral composition has no effect on the performance of simple cognitive tasks. 10) The EEG reflects a particularly important physiological state of arousal which can be characterized using frequency analysis. 11) In particular, alpha oscillation is a sensitive measure of attentional demands in cognitive tasks, 12) and further, fluorescent light with low frequency ballasts has significantly decreased alpha power compared with high frequency ballasts. 6) Nevertheless, we fund no significant differences in EEG spectral power along all frequency bands, between the LED and fluorescent light conditions in our study. This indicates that LED lighting does not disturb human attention, compared with conventional lighting.
The amplitude and latency of the P300 are sensitive to task processing demands and the time required for detecting and evaluating a stimulus. These indexes vary with individual differences in cognitive capability. 13) Our findings indicate that increasing the number of items significantly decreases P300 amplitude; however, the lighting condition did not affect P300 amplitude or latency. Similarly, the hit rate and reaction time were not changed by the lighting condition, but they were affected by the task difficulty. In addition, VAS scores for the two lighting conditions were not significantly different, which means that the subjects reported no noticeable differences in subjective feelings regarding brightness, visual fatigue, and satisfaction between fluorescent and LED lighting.
Hawes et al. 9) recently reported that LED lighting may have positive implications for work performance, compared to traditional fluorescent lighting. However, this finding could lead to misunderstanding because the fluorescent lighting used in their experiment had lower luminance and color temperature than the LED lighting. In contrast, our results indicate that the LED lighting does not significantly effect on cognitive and behavioral performance. In conclusion, our findings suggest that there are no differences in the effects on the human arousal state or cognitive performance between the lighting conditions provided by LED and fluorescent light sources. As we investigated only short-term effect with relatively small sample, long-term effect of LED light should be studied further in the future. 
